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Abstract. An overview of the theoretical framework of the Standard Model Extension (SME) that 
allows for a parametrization of Lorentz and CPT violating effects using effective field theory will 
be presented. A review of current bounds on these Lorentz violating parameters using various low- 
energy tests will be reviewed. State-of-the-art measurements involving the Penning Trap, atomic 
clock, torsion pendulum, and resonant cavities will be discussed. Different experiments can provide 
stringent bounds on a variety of parameters coupled to various fundamental particles including 
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electrons, protons, neutrons, and photons. 
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OVERVIEW OF TALK 



Bounds on Lorentz and CPT violation are typically quoted within some type of theoret- 
ical formulation that allows for symmetry breaking to occur. A very general approach 
to this problem involves the Standard Model Extension (SME), an effective field theory 
that includes various Lorentz and CPT violating vectors and tensors coupled to stan- 
dard model fields CI H- 

The first part of this talk will outline some of the key ideas 
involved in this construction. Following this, various clock-comparison, spin-polarized 
pendulum, penning trap, and resonant cavity tests will be discussed. 



STANDARD MODEL EXTENSION (SME) 



CPT and Lorentz symmetry are the fundamental assumptions that go into the construc- 
tion of virtually every quantum field theory used to describe the physical world. On the 
one hand, these exact symmetries should be experimentally tested to the fullest possible 
sensitivity as a matter of principle. On the other hand, more fundamental theories such 
as quantum gravity or string theory [0, 0] can lead to novel effects that violate these 
symmetries. In any event, it is clear that a consistent theoretical framework is required 
to study possible Lorentz and CPT symmetry violations so that different experiments 
may be compared with one another. 

The key idea in the construction of the Standard Model Extension (SME) is that there 
is some type of spontaneous symmetry breaking mechanism that leads to a nonzero 
vacuum expectation value for a vector or tensor field. The mechanism is analogous to the 
conventional Higgs mechanism, but uses a vector or tensor field instead. This naturally 
leads to constant background vectors and tensors that can couple to various standard 
model fields. Certain simplifying assumptions are conventionally adopted, such as only 
including gauge invariant, power-counting renormalizable, and translationally invariant 



fields. The resulting construction is called the minimal SME, details can be found in the 
references yj,|2|]. 

As an explicit example, consider a term in the fundamental lagranian of the form 

involving a coupling between a vector field B^ and a fermion field i//. If there is some 
mechanism present that generates a nonzero vacuum expectation value for the vector 
field, say {B^) = b^/X ^ 0, then the resulting lagrangian will contain a term 

that violates Lorentz invariance spontaneously. This term can lead to diurnal or boost 
variations in energy levels of Earth-based experiments as the Earth rotates while the 
background vector field remains fixed in space. 

Presumably, such correction terms should be very small to agree with current experi- 
mental bounds. One possible scenario is that these terms are suppressed by at least one 
power of the low-energy scale to the Planck scale: mi/rtipi ~ 10~ 19 . This order of sup- 
pression may be expected if the effects are arising from some unknown Planck-scale 
physics effects, but there is no clear connection to an underlying theory, so it is not pos- 
sible to make a specific prediction at the current time. Remarkably, many of the current 
bounds from low-energy tests of Lorentz and CPT symmetry are comparable, or better 
than this simple estimate, as will be discussed below. 

Each sector allows for specific types of terms. For example, minimal extended QED 
(relevant for many low-energy tests) consists of a perturbation from the standard la- 
grangian 

^S-photon = K lA-mAlAh ~ \F^\ 

with covariant derivative = 3^+ iqA^ and the field strength F a a = d a Ap — dpA a 
(Note that A = 1,2,3 corresponds to e 5i u,T states). The allowed perturbative terms 
consistent with minimal assumptions are conveniently classified according to their CPT 
properties. The CPT-even terms involving the lepton fields are 

^lepto^" = -^WtivABhO^lB 

+jKdi)^ vAB l A r 5 f D v l B . 
The CPT-odd terms involving the lepton fields are 

lepton" = -(«/Wa7^- (bl)^ABlAY5flB- 

Note that the above couplings are matrices in flavour space, allowing for independent 
couplings to different flavour particles. This means that bounds placed on the electron 
sector have no direct implications for parameters in the neutron sector, for example, 
meaning that each species of particle requires independent tests. 



In the pure-photon sector, there is one CPT-even Lorentz- violating term given by 



<-^CPT-even _ \ pKlpflv 

•^photon ~~ 4\ K F) K XjXV r r i 

where (kp)^^ is a dimensionless coupling with the same symmetries as the Riemann 
tensor. There is also a CPT-odd pure-photon term: 

^photon -+2N £ kX^iv A * , 

where the coupling coefficient (&af) k: is real and has dimensions of mass. Similar 
corrections exist in other sectors. 

There is a deep connection between CPT and lorentz invariance. The classic CPT 
theorem states that under mild technical assumptions, any lorentz invariant, local quan- 
tum field theory with a hermitian hamiltonian must have CPT symmetry pi la]. More 
recently, it was demonstrated that CPT violation implies a breaking of lorentz symmetry 
in any theory involving nontrivial interactions [7]. As a result of these theorems, it is in 
fact not possible to violate CPT symmetry in conventional quantum field theory while 
maintaining lorentz invariance as is often done by directly setting the mass of particles 
and antiparticles to be different, m 7^ m, for example. 

In order to apply the SME to low-energy physics, it is necessary to perform a non- 
relativistic reduction of the hamiltonian. A Foldy-Wouthuysen procedure can be used to 
do this, a full result is given in the literature [|8|], a partial result giving a flavour for the 
structure is the effective particle hamiltonian 

n= m +- — 
2m 

+ ((ao)- mcQo) + (-bj + md j0 + j £ jk iH k i)o j 
+ [-aj + m(c oj + c jo )]— + ---. 

The corresponding antiparticle hamiltonian can be found by replacing couplings with 
CPT-conjugates (a^ — > — a^, c^ v — > c^ v , etc.). Experimental bounds are (usually) 
found to depend on combinations of these parameters that appear together in h For 
example, the torsion pendulum experiments are sensitive to the combinations 

bj = bj- ^£jklH K l - rndjj, 

where J is a spatial index and T is a time index in a sun-centered standard inertial 
reference frame [9], often chosen as the standard reference frame for experiments. 

LOW-ENERGY EXPERIMENTS 

Clock comparison tests place stringent bounds on parameters associated with the nuclear 
part icles involved. For example, a recent experiment using a K- 3 He co-magnetometer 
Hon placed a bound of 

\b n \ < l(T 33 GeV 



on neutron Lorentz violation. The comagnetometer functions by using one atomic 
species (He) to shield any stray magnetic fields while the other species senses any 
lorentz- violating effects on the energy levels of the system. The experiment rotates with 
the Earth and can be independently rotated about the vertical axis on a turntable. This 
makes the experiment sensitive to several additional components of the lorentz- violating 
background fields than in the earlier fixed-base version. 

Spin-polarized torsion pendula are also extremely useful for low-energy tests of 
lorentz symmetry. The basic construction involves orienting layers of differing materials 
with alternate magnetic fields that cancel out, but with an overall nonzero net spin 
polarization. The pendulum is constructed to have a large spin angular momentum, 
corresponding to roughly 10 23 aligned electron spins with very little associated magnetic 
field. Using this apparatus[l 1], bounds on electron lorentz violation have been placed at 
the level 

b) < l(T 31 GeV. 
The experiment is also sensitive to boost-violating parameters 

b e T + d e _ + ---< l(T 27 GeV, 

at a level suppressed by v/c ~ 10~ 4 , where v is the velocity of the Earth. In fact, the 
experiment is sufficiently sensitive that the gyroscopic coupling between the angular 
momentum of the electrons and the rotation of the Earth is a significant background 
signal. 

Penning traps have also been a useful tool in low-energy tests of Lorentz violation. 
They have a bit less sensitivity than the spin pendulum experiments, but they have the 
advantage that they are sensitive to specific CPT-violating parameters, that are mixed 
into more general linear combinations in other experiments. The main feature that allows 
for this is the capacity to compare anomaly frequencies of electrons with positrons which 
makes it specifically a CPT test. Bounds on the electron CPT-violating spin couplings 
from Penning Traps Ill2n are at a level 

\b e \ < l(T 24 GeV. 

Note that this is a very clean CPT test, rather than a bound on b found using other particle 
experiments. 

An useful test in the photon sector involves using microwave and optical cavities to 
search for asymmetries in photon propagation properties. These experiments are sensi- 
tive to effects that are similar to the original Michelson-Morley experiment. However, 
rather than searching for the presence of an aether, these experiments are currently plac- 
ing stringent bounds on Lorentz- violating photon couplings. Birefringent terms are typi- 
cally bounded at the 10~ 42 GeV level using various astrophysical measurements [9]. This 
implies that the cavity tests are particularly useful for bounding non-birefringent photon 
couplings that are not easily accessible using astrophysical experiments. One example 



is the bound [13] 



< io- 17 , 



where (k e -) JK = —kp JTK -\ is a linear combination of photon lorentz- violating terms 

that the experiments are sensitive to. 



SUMMARY 



Low-energy tests of Lorentz invariance place some of the most stringent bounds to date 
on certain combinations of parameters in the SME. Current bounds are at or even in 
excess of naive estimates based on Planck-scale suppression factors. This indicates that 
there is a real possibility that these experiments may see effects that might arise from 
a deeper theory that allows for Lorentz or CPT breaking. For more information, the 
Data Tables for Lorentz and CPT Violation contain a comprehensive list of current 
bounds in all sectors within the SME framework. 
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